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ABSTRACT: Monodisperse, low molecular weight poly(2,5-¢i€2hylhexyloxy)-1,4-phenylenevinylene) (DEH-

PPV) demonstrates significantly better structural order than polydisperse PPVs. Since optical and electrical
properties of polymer electronics are closely related to the structure and morphology of the active layer,
morphological control is important for the fabrication of PPV-based devices. Soluble, monodisperse DEH-PPVs
with a range of molecular weights showed a sequence of transitions through crystalline, smectic, nematic, and
isotropic phases upon heating, and the transition temperatures increased sharply with increasing molecular weight.
The layer spacing of the smectic phase is in good agreement with the length of a PPV molecule. The Maier
Saupe parameter for this polymeric system is estimated, and both energetic and entropic contributions are found
to be important in describing the liquid crystalline interaction. Thin films revealed that the PPV molecules ordered
into thermally stable layers a single molecule thick. The layers arranged into grains that were aligned by shearing.
The orientation of molecules within the aligned layers was characterized by polarization-dependent X-ray absorption
spectroscopy, and the PPV molecular axis was found to align parallel to the shear direction while the layers
aligned perpendicular to the shear direction. Low polydispersity is critical to forming these types of highly ordered
structures, and an analogous PPV sample with polydispersity greater than 5 does not form smectic layers.

Introduction disperse polypeptidés?tand helical polysiloxan&sthat have
demonstrated smectic phases where the smectic layer spacing
is equal to the length of a single polymer molecule. Low
polydispersity is critical to the formation of these phases since

lasersi®11 Processing conditiod& 1 affect the film morphology, disorder in chain length disrupts the formation of a single layer

) : . . . thickness0
crystalline structure, molecular orientation, and resulting device
properties. Polydispersity also has a large effect on polymer Liquid crystalline polymers are often side chain functionalized
LED performancé?® with devices incorporating low-polydis- ~ With long alkyl side groups to increase solubility or improve
persity poly(phenylenevinylenes) (PPVs) having efficiencies thermal properties, and the phase behavior of these polymers
greater than those of devices using high-polydispersity PPVs. has been modeled using hairy rod theof&¥.The side groups
An underlying structural and thermodynamic basis for the act as bound solvenRt, lowering transition temperatures and
observed morphological dependencies on chemistry, processingincreasing thermal processability. Segregation of the side groups

and po|ydispersity would he|p to improve the deve|0pment of and the main chains is pr8diCt6d to cause Ordering into Iayers
efficient PPV-based optoelectronic devices. with a thickness close to the molecular diamétehis type of

layering has been experimentally observed in several systeffis.
Crystal structures are available for solubilized PPVs with short
(methyl, methoxy, ethoxy) side chaiffs3! and the effects of
longer linear alkyd®32and alkoxy?®2°:33-36 side chains on the
structure and thermal properties have also been explored. At
ambient temperatures most PPVs are semicrystalline, and the
crystalline structure shows a strong dependence on the solubi-
lizing side chain. Molecular dynamics simulations of poly(2-
nematic region also grows with increasing molecular weight, Methyloxy-5-ethylhexyloxyphenylenevinylene) (MEH-PPV) and
For polydispersities greater than 1.6, the NI transition spreads POIY(2,5-dioctyloxyphenylenevinylene) (DOO-PPV) suggest that
into a coexistence region that widens as polydispersity is the chains are elliptically he!lcal with phenyl ring orientations
increased® Smectic phases in polydisperse polymers are correlated over only 24 rings?” MEH-PPV films form
relatively rare, and in most cases smectic layers form betweenPolycrystalline domains where each domain is composed of a
mesogenic monomers within the polymer chain. Recently, layered structure of coplanar MEH-PPV chaiffd? and the

several authors have prepared monodisperse or nearly monoShains pack into fibrilar structures in the b@#>00-PPV also
forms semicrystalline fibrilar structures in the bdfk,and

crystallites are oriented preferentially with the chain axis parallel

The mesoscale order and grain structure in semiconducting
polymers greatly affect the electrical properties of optoelectronic
deviced 3 such as LED$; 6 photovoltaics’;® photodiode$,and

The structure of semiconducting polymers is governed to a
large extent by the rigid nature of theirconjugated backbones,
which promote the formation of liquid crystalline phases. The
effect of polydispersity on liquid crystalline polymers has been
investigated using thermotropic polyest&t€rystalline melting
and nematie-isotropic (NI) transition temperatures both increase
rapidly with molecular weight for short polymers, and a plateau
value is reached at high molecular weigttI.he width of the
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Scheme 1. Chemical Structure of DEH-PPV the actual PPV polydispersity and should be viewed as an upper
limit on the true value.

Characterization. Samples for small-angle X-ray scattering
(SAXS) and wide-angle X-ray scattering (WAXS) were prepared
by pressing samples into 1 mm thick disks using a Carver press at
100°C. Polymers were annealed under vacuum atZD€r 12 h
to remove the nonequilibrium pressing effects, cooled slowly to
room temperature, and sealed between Kapton windows. SAXS
and WAXS experiments were performed on beamline 1-4 of the
Stanford Synchrotron Radiation Laboratory (SSRL). The beamline
was configured with an X-ray wavelength of 1.488 A and focused
to a spot size of+0.5 mm diameter. A single quadrant of the two-

Table 1. PPV Molecular Weights (g/mol) and Polydispersities dimensional scattering pattern was collected on a CCD detector
PS equiv with a 100 mm diameter. The two-dimensional profiles were radially
polymer Mn(NMR)  PSequiwy(GPC)  PDI(GPC) averaged and corrected for detector null signal, dark current, and
PPV-4.4 3400 2400 117 empty cell scattering. SAXS profiles were converted to absolute
PPV-4.6 3500 4600 1.19 intensities using a polyethylene standard calibrated at NIST, and
PPV-5.2 4100 5200 1.06 WAXS profiles were left in arbitrary units.
PPV-6.0 5100 6000 1.07 Polarized optical microscopy (POM) samples were pressed
PPV-6.3 5600 6300 1.09 between two glass slides and placed on an in situ argon-purged
PPV-10.9 10900 1.08 heat stage for optical imaging. Samples were annealed into the
PPV-polydisperse 16800 5.38

isotropic phase, cooled, and then heated at a rate df@r8in to
determine the liquid crystalline transition temperatures. Samples
many cases the structures and phase transitions show strongvere also characterized by differential scanning calorimetry (DSC)
thermal history effectd?33:35.36 While this prior work has using a TA Instruments 2920. Samples were heated to°258t
explored many materials, the specific effects of molecular shape 10 °C/min to erase any thermal history, then cooled tgQGt 10

and polydispersity on structure and thermodynamics remain °C/min, and reheated to 30€ at 5°C/min.

unclear. Scanning force microscopy (SFM) samples were prepared by

This study focuses on understanding the bulk liquid crystalline spin-coating films from toluene solution onto silicon wafers with
behavior of PPVs with low polydispersity and how liquid a native oxide surface. Some samples were thermally treated by

- . Y o annealing under vacuum at 140 for 24 h and cooling slowly to
crystallinity affects their behavior in thin films. We performa o, temperature. Aligned samples were prepared by gently

detailed study of the structure and thermodynamics of low- rypping as-cast films with a velvet cloth. Imaging was performed

polydispersity, low molecular weight poly(2,5-di{@thylhexyl- on a Digital Instruments MultiMode AFM operating in tapping
oxy)phenylenevinylene) (DEH-PPV) and quantify the liqguid mode.
crystalline behavior in terms of the MaieBaupe theory. DEH- Near-edge X-ray absorption fine structure (NEXAFS) measure-

PPV is chosen as a model PPV due to its thermal processability,ments on rubbed PPV samples were performed at beamline 10-1
solubility in many common solvents, and ease of synthesis. The of the Stanford Synchrotron Radiation Laboratory (SSRL) with a
impact of molecular weight and film thickness on both the resolution of~80 meV around the carbon K-edge. Spectra were
micron scale morphology and nanoscale liquid crystalline obtained at X-ray incident angles ranging fronf $@ormal to the

structure of thin films is investigated. Aligned films are prepared S2mPple surface) to 2qgrazing incidence), with a typical spot size

; . . 0f 0.2 mmx 1 mm in normal incidence. Measurements were taken
by rubbllng, and the_ ahgndmedntTﬁf E Pr:/ ’.“o'ef”r'fs W'th'dn. with the electric field vector oriented both parallel and perpendicular
nanoscaie St.ructures Is studied. The behavior o t € MONOUIS+, the rubbing direction. Absorption spectra were measured using
perse PPVs is compared to that of a high polydispersity sampIeAuger electron yield (AEY) and total electron yield (TEY)

to elucidate the specific effects of polydispersity on the liquid detector& which sample the top surface layer of about2Lnm

crystalline structure of PPV. thickness and a thicker subsurface layer of abottl® nm,
respectively. Spectra have been normalized to show the carbon
Experimental Methods K-edge absorption per atom, as described in the literdfufé.
) . ) Absorption intensities were calculated using peak areas. To obtain
Synthesis of Poly(2,5-di(2ethylhexyloxy)-1,4-phenylenevi- the orientation distribution of molecular orbitals, intensity data were

nylene) (DEH-PPV). DEH-PPV, shown in Scheme 1, was syn- it ysing a model for rubbed surfaces described in the literdture.
thesized by Seigrist polycondensation as described previdusly. This analysié also accounts for the finite polarization degree of
The Seigrist polycondensation is a decelerating reaction that allowsie incident X-ray beam~80% of the X-ray intensity with linear

for the preparation of PPV with a narrow molecular weight porizontal and 20% with linear vertical polarization).
distribution and containing only trans-linked units. For comparison,

a polydisperse sample of DEH-PPV was synthesized using the GilchResyits and Discussion

method with a procedure similar to that previously described for

MEH-PPV41 Number-average molecular weights were determined  Liquid Crystalline Phases of PPV Homopolymer. Low-

using NMR end-group analysis (Table 1). Polystyrene (PS) polydispersity DEH-PPV demonstrates novel liquid crystalline
equivalent molecular weights were measured on a Waters 2690 GPCphase behavior, and heating the polymers results in a series of
with a UV—vis detector operating at 254 nm (shown in Table 1), transitions through crystalline, smectic, nematic, and isotropic
and specific PPVs are referred to by their PS equivalent number- phases. Optical micrographs of the liquid crystalline textures
average molecular weights throughout the text. The monodlsperseare shown in Figure 1, and DSC curves for all of the
PPVs had PS equivalent polydispersities ranging from 1.06 to 1.19, monodisperese polymers’ are shown in Figure 2. At ambient

while the high-polydispersity PPV had a PS equivalent polydis- : . L
persity of 5.38. Since the hydrodynamic volume of these rodlike temperatures, all monodisperse polymers are solid and exhibit

molecules increases faster with increasing molecular weight than@ Smectic-like pattern under the optical microscope and very

that of the polystyrene standards, these values tend to overestimatéittle optical transparency. Upon heating, the PPVs melt into a
the molecular weight of the high molecular weight PPV tail. smectic phase, as indicated by an endothermic peak in the DSC.
Therefore, the polystyrene equivalent polydispersity overestimates The enthalpy of this transition increases, and the trans'@'i_))r{/
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Figure 1. Polarized optical microscopy patterns of DEH-PPVs. At low temperatures, the DEH-PPVs show patterns characteristic of the crystalline

or smectic phases, and at higher temperatures, the polymers exhibit patterns characteristic of a nematic phase. (A) PPV id #i€8fhectic
phase; (B) PPV-5.2 at 18TC in the smectic phase; (C) PPV-4.6 at 1¥Din the nematic phase.
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SR nematic phase at 12%, and no inflection point is observed in

the DSC. Kinetic effects in high molecular weight liquid crystals
can make it difficult to grow the characteristic Schlieren textures
exhibited by small molecule nematic liquid crystéfidecause

of high defect densities, a polydomain or dense texture is
observed in the monodisperse and polydisperse PPVs in the
nematic region. Further heating results in the transition to a high
temperature isotropic phase and the disappearance of the nematic
polydomain texture. Because of the small enthalpy associated
with the nematie-isotropic transition, it is not observed on the
DSC. In general, the transition temperatures of the monodis-
perese PPVs increase with increasing molecular weight. How-
ever, PPV-6.0 and PPV-6.3 show an apparent small decrease
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Y-} T ST N R ST R in transition temperatures with increasing molecular weight. This
50 100 150 200 250 is likely due to error inherent in using end-group analysis to
Temperature (° C) estimate the number-average molecular weight.
Figure 2. Differential scanning calorimetry (DSC) of DEH-PPV. DSC Direct structural evidence in support of these liquid crystalline

curves on heating show two transitions: a low-temperature endothermic phase identifications was obtained using X-ray scattering. SAXS
transition and a higher temperature inflection point. The low-temperature intensity patterns, shown in Figure 3, probe structure on the
transition is identified as the melting transition from crystalline to ! . ’
smectic, and the higher temperature transition is from smectic to Scale of the PPV polymer chain length. In three of the

nematic. The nematieisotropic transition was not observed by DSC monodisperse polymers a weak peak was observed in the SAXS
but was identified by polarized optical microscopy at temperatures range, and the layer spacings corresponding to the peaks are
above the smectienematic transition. Curves are offset for clarity. shown in Table 2. For polymeric molecules, the width of the
high electron density regions occupied by the molecules is much
becomes increasingly sharp with increasing molecular weight. greater than the space between the smectic layers, so the lamellar
Under the optical microscope, the polymers continue to exhibit form factor is near a minimum at the layer spacing p¥ak,
a smectic texture and low transparency. Further heating resultsproducing a relatively low scattering intensity. Therefore,
in a transition from a smectic to a nematic texture. At this point, Significant annealing is required to obtain the high degree of
the polymer becomes highly transparent, gains significant ordering necessary to observe the corresponding layer spacing
mobility, and flows readily, characteristic of the smectic to peak. The experimentally observed layer spacings correspond
nematic (SN) transitiof® The SN transition observed by optical to the polymer chain length calculated on the basis of crystal-
microscopy corresponds to a broad inflection point in the DSC lographic dat#®-53implying that the mesogenic unit is the entire
curves. This smectic phase is unique to the low-polydispersity molecule. Heating of the lower molecular weight sample PPV-
samples; the high-polydispersity PPV melts directly into a 5.2 results in the disappearance of the peak near the tempe&a[t)t{;e
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rrrrfrrrrrrrrrr PPV is expected to result in much less side chain crystallinity
PPV-10.9 than PPVs with linear alkyl side groups, and this may be
reflected by the relatively weak intensity of the Bragg peaks
from side chain interactions ar—o interactions. It is notewor-
thy that no clearr—x stacking peak is observed and that the
melting temperature increases with increasing molecular weight,
a behavior characteristic of molecular crystals and not semi-
crystalline or side group crystalline materials. However, crystal-
lization of the molecule certainly involves the side groups, and
so differentiating between these two types of crystallization is

10% difficult.
P PR B The melting transition between 80 and 1ZDin PPV-6.0 is
02 04 06 08 10 characterized by a change in the in-plane lattice on which the
q(nm™) rods are arranged. The weak diffraction from side groups or

Figure 3. Small-angle X-ray scattering (SAXS) of DEH-PPV. SAXS thes syslenl structure dlsappgars, and the strongel dlflractlpns
shows peaks in three of the PPVs corresponding to spacing betweercharacteristic of the rod lattice shift. Rod packing is still

the smectic layers. The layer spacing corresponds to the molecularcharacterized by a single lattice parameter, and the secondary
length and increases with increasing molecular weight. Peaks have |0Wpeak is intermediate between a square and hexagonal lattice.

intensity due to a minimum in the structure factor near the primary : -
peak in highly asymmetric layered structures. Heating of the samples This suggests that the angle between lattice vectors changes

results in a decrease in peak intensity as the smestimatic transition  Slightly as the polymers melt, resulting in an oblique lattice
is approached. The lowest molecular weight samples did not show above the melting transition. The new peaks are indexed for

smectic layers by SAXS, but the smeeticematic transition was ~ PPV-4.6 in Figure 4. The change in lattice structure observed

identified by optical microscopy and DSC. Curves are offset for clarity. 4t the melting transition is independent of molecular weight and
Table 2. Theoretical and Experimental Layer Spacings in PPVs. pplydispersity; the Pbservaﬂon Of_ th? same structure in. mono-

disperse and polydisperse PPVs indicates thatrod packing

is independent of the formation of smectic layers. Since the

calcd length SAXS spacing AFM spacing

polymer (nm) (nm) (nm) - o . .

SPVAG 56 53 smectic layer spacing |s_close to the molecular _dlmensmn and
PPV/_5.2 76 6.8 ) there is a great deal of in-plane ordering as evidenced by the
PPV-6.0 9.4 7.7 10.0 series of peaks in WAXS, the smectic phase is suspected to be
PPV-10.9 9.5 15.9 a higher order orthogonal smectic. Further heating disorders the

lattice and results in a decrease in peak intensities as the polymer
approaches the isotropic phase, as shown for PPV-4.6. This
polymer transitions through a smectic phase and into a nematic
phase above 161C, and in the high temperature nematic phase

of the smectie-nematic transition, while for the other two
polymers the smectienematic transition is above the experi-
mentally accessible range of the SAXS. This suggests the

formation of smectic phases where the layer spacing is equal . : :
to the m(_)lecular length, implying that the molecule_s are oriented :{;B’Cﬂr:’ %aél;ep;\r/lg:jar%/y rovs‘/:‘ifs Siza(t:;]ne%m%?@k rg\(/eslssilt)slé,TQr(]e d
perpendicular to the smectic layers and that there is no molecularCooling the sample results in the reappearance of the low-
folding. In the case of PPV 4-6, the slightly higher polydispersity tem t ks in all of the ph
. S ) . perature peaks in all of the phases.

may result in a diminished smectic peak in SAXS due to ) ) )
interfacial broadening. The high polydispersity PPV also  The phase diagram for low-polydispersity DEH-PPV as a
demonstrates no layering peak, indicating that low polydispersity function of molecular weight is shown in Figure 5. Transitions
is required for the formation of this molecular smectic phase. Petween crystalline, smectic, nematic, and isotropic phases are

Although polydispersity has a large effect on smectic layering, OPserved across a wide range of molecular weights, and the
the ethylhexyloxy side groups are the primary factor influencing fransition temperatures increase with increasing molecular
rod—rod packing perpendicular to the rod axis. Figure 4 shows Weights without reaching a plateau value. While coexistence
WAXS patterns for two polymers, PPV-6.0 and PPV-4.6, which bgtween thfs nem.at|c finq |sotrop|c'phases is observed in many
exhibit crystalline, smectic, and nematic phases. The large peakligh polydispersity liquid crystalline polymet$, the low
at ~6.5 nnT! corresponds to the spacing between molecular polyo_llspersny of_these materials reSL_llts in narrow or none>_<|ste_nt
backbones, giving an estimated molecular diameter of 0.97 nm.coexistence regions. The low polydispersity of the materials is
Thermal expansion of the PPV causes the position of this peakthe key factor in the formation of the highly ordered molecular
to move slowly to lowex as temperature is increased. A series SMectic phase because layered packing requires a single charac-
of additional reflections occur at larger wave vector transfers, teristic length, and when the entire chain behaves as a single
and changes in these peaks correspond to changes between liqui#€sogen, this occurs only in monodisperse systems. The PPVs
crystalline phases. The higher molecular weight PPV (PPV- studied here are S|gn|f|gantly shorter than.those previously
6.0) is crystalline below 86C; in this phase the rods lie on a reporteﬂ4 and show no evidence of conformational (lefects sgch
square lattice in the plane perpendicular to the rod axis. The @S b_endlng on th_e molecular level. Instead, the relatively straight
peaks are indexed for PPV-6.0 in Figure 4. The lower molecular €hains act as single mesogens to form layers. The degree of
weight sample PPV-4.6 does not form a well-ordered crystalline POlydispersity that is tolerable in the molecular smectic phase
phase at low temperature as indicated by the low enthalpy of 'emains uncleal; however, it is apparent lhgt a maximum exists,
crystallization observed in DSC and the lack of well-defined @S highly polydisperse PPVs do not exhibit this type of order.
peaks corresponding to the crystalline phase. However, for all  Calculation of Maier—Saupe Parameter in a Polymeric
of the higher molecular weight samples, the structure of the System.Maier—Saupe models are commonly used in mean-
crystalline phase becomes independent of molecular weight andfield theories of rodlike polymers and block copolymers to
polydispersity, and the WAXS patterns are nearly identical to model liquid crystalline interactior’8:5¢ The Maier-Saupe
those of PPV-6.0. The achiral mixture of side groups in DEH- model conveniently parametrizes the free energy contribut&)B%
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Figure 4. Wide-angle X-ray scattering (WAXS) of DEH-PPV. WAXS of the PPVs shows a series of peaks indicative of crystalline and smectic
phases. The crystalline phase observed in PPV-6.0 at low temperatures shows many small resonances, and heating into the smectic phase cause:
four peaks to develop. These same peaks are observed in the smectic phase in PPV-4.6, and melting to the nematic phase in this polymer causes
the peak intensities to decrease as the material loses order. Peak indexing for PPV-6.0 corresponds to the square lattice in the crystalline phase,
where peaks at wavevector transfers of/2, +/4, and+/5 indicate a square lattice. Partial crystallization of the side chains or relatively long-range
interactions between the systems of neighboring molecules account for the background scattering and weak peaks observed between 10 and 14
nm~L. Peaks are indexed above the melting transition for PPV-4.6; both monodisperse and polydisperse polymers order on an oblique lattice in this
region. Curves in both graphs are offset for clarity.
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Figure 5. DEH-PPV phase diagram. DEH-PPV shows phase transitions Figure 6. Fit to nematie-isotropic transition data to estimate Maier
from crystalline to smectic to nematic to isotropic on heating, and the Saupe parameter for DEH-PPV. Nematisotropic transition temper-
transition temperatures increase with increasing molecular weight. The atures for DEH-PPV at a variety of molecular weights, determined by

behavior of the melting and nematitsotropic transitions is typical polarized optical microscopy, are fit to determine the form of the
for liquid crystalline polymers, but the appearance of a smectic phase Maier—Saupe parameter. A form of the Mai€Baupe paramete¥/T
is unusual. + B, analogous to the form of the Flor{Huggins interaction, results

in a good fit to the experimental data.
that govern liquid crystallinity with a single parameter that is
analogous to the FloryHuggins parameter for isotropic polymer  the dimensionless unit orientation vector. For a system of pure
blends. Despite the utility of this parameter for predicting liquid rods the partition function can be analytically calculated in the
crystalline phases in rodlike polymers and +abil block mean-field approximation. This calculation is performed in the
copolymers, measurements of its value are not available. Maier Appendix, and it leads to the result that at the nem&siotropic
Saupe models of rodlike polymers express the orientational (NI) transition
component of the Hamiltonian that leads to nematic order as a
spatially dependent quadratic function of the orientational order («N),, = 6.811 3)
parameteiS
This illustrates that the dimensionless paramethris the
pH=— M fdr é(r);é(r) (1) fundamental parameter governing liquid crystallinity in rodlike
2po polymers, and it plays a role in the nematisotropic transition
directly analogous to the MaieiSaupe parameter in small
molecule liquid crystals.

The MaierSaupe parameter is estimated for DEH-PPV
" | based on a linear regression fit to NI transition data for polymers
&) — _ __ of various molecular weights, shown in Figure 6. Mai&aupe
S(r) ;ﬁ’ dsolr = (Ry + asua)][uaua 3] 2) theory for small molecule liquid crystdfspredicts thatu is

proportional toT %, and so a plot oN~1 vs T~1 should be linear

whereu is the Maier-Saupe Parameter apg is the volume
of a single rod segmen§ is given by

wheren is the number of molecules in the systeRy, is the with zero intercept. However, the data are fit much better by a
end of the rod corresponding ®©= 0, N is the number of form of the Maier-Saupe parameter analagous to the empirical
segments in the polymea,is the length of a segment, ands form of the Flory-Huggins paramete®NT + B. The line of

CbhVv
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Figure 7. AFM height images of as-cast DEH-PPV Films. The structure of as-cast DEH-PPV films depends strongly on film thickness and the
molecular weight of the polymer. Because of the strong tendency of these low-polydispersity PPVs to form liquid crystalline phases, phase separatio
occurs to form a polymer-rich lyotropic phase and a solvent-rich isotropic phase during spin-casting. The polymer-rich lyotropic phase solidifies
and the solvent-rich phase is depleted by evaporation, leaving a porous film structure behind. For low molecular weights and thinner films, the
spin-casting is rapid enough to prevent micron-scale phase separation, but increasing molecular weight causes earlier onset of phasedseparation an
thicker films cast more slowly, allowing large grain structures to develop. (A) PPV-4.6, 72 nm thick, heaige 50 nm; (B) PPV-4.6, 117 nm

thick, heightz range 100 nm; (C) PPV-6.0, 114 nm thick, heightange 150 nm; (D) PPV-10.9, 77 nm thick, heightange 250 nm.

best fit in Figure 6 gives an estimated MaiSaupe parameter  lar weight, large individual spherulitic grains coexist with a few
w = 159/ — 0.189. The disagreement between the small elongated grains. The changes in film morphology with film
molecule form of the MaierSaupe parameter and the experi- thickness and molecular weight can be understood as kinetic
mental Maier-Saupe parameter in this system suggests that theeffects resulting from spin-coating. Polymer and solvent separate
Maier—Saupe parameter is capturing more than just enthalpic into polymer-rich and solvent-rich phases during spin-casting
effects. In the small molecule theory the MaiSaupe param-  due to the limited solubility of the polymé&g. The polymer-
eter is treated as an energy, but the constant term suggests thech phase has significant structural rigidity due to its liquid
presence of entropic effects as well. The FleHuggins crystalline structure. As drying continues, the rigid polymer
parameter for mixing, based in principle only on energetic phase is unable to thin, so the solvent-rich phase is depleted
contacts between molecules, also has an empirical form with from around the polymer-rich structures, leaving behind the
both energetic and entropic contributiciiszor DEH-PPV the observed PPV network morphologies and grain structures. The
entropic term is negative and the enthalpic term is positive, solubility of the polymers decreases as molecular weight in-
suggesting that enthalpic effects stabilize and entropic effectscreases, so phase separation will occur at lower polymer concen-
destabilize the lower temperature (nematic) phase, as is typicaltrations and the structures will have time to grow to larger sizes.
for most thermally induced phase transitions. Annealing the samples results in significant structural rear-
Micro- and Nanoscale Structure in DEH-PPV Thin Films. rangement. Figure 8 shows AFM height and phase images of
When the polymers are spun-cast to form films, lyotropic liquid an annealed film of PPV-4.6. Annealing causes the formation
crystalline states are kinetically trapped, resulting in the forma- of elliptical grains, visible as topographic features in the height
tion of micron scale polycrystalline domains, as shown in Figure image and ellipses with a positive phase shift in the phase image.
7. The lowest molecular weight polymer produces a flat surface We speculate that changes in modulus or adhesion with grain
when cast into thin films, while thicker films form a porous orientation would cause different grains to give a different phase
network-like morphology. Increasing the PPV molecular weight signal.
results in a change in grain shape and an increase in the size of Examination of the polymers on a smaller scale demonstrates
the grains. There is less connectivity between grains and thethat the microscale grains in all of the monodisperse PPVs are
network structure has much larger pores. At even higher molecu-composed of nanoscale layers with a layer thickness compaézizs)\l?
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Figure 8. Thermal annealing of PPV-4.6 film. Annealing of the film shown previously in Figure 7A leads to growth of PPV grains as shown in
the height image (Az scale 100 nm). The phase image g&cale 30) shows some grains appearing as light and others as dark due to mechanical
differences related to grain orientations.

Figure 9. Layered structures in PPV thin films. As-cast PPV films show layered structures within the micron-sized grains for all molecular
weights studied. The layers are stable after thermal annealing. Height images (not shown) are flat to-v@thim,2showing that the layers are

not topographical features. Defects/grain boundaries between the layers are clearly observable. (A) PPV-4.6, 117 nm ttacknpbak® (B)
PPV-6.0, 114 nm thick, phaserange 60; (C) PPV-10.9, 77 nm thick, phaserange 30.

to the molecular length, as shown in Figure 9. The films are increasing molecular weight. The layers also have a long
flat to within 2—3 nm, indicating that the layers are not persistence length, especially at higher molecular weights. The
topographical features and suggesting that the phase image isverage widths of the needle structures are estimated in Table
measuring properties directly related to the local density of 2 from Fourier transforms of the SFM images. The layer

molecules across the layers. The same nanoscale structures agpacings increase with increasing molecular weight of the
observed in annealed films. The layers show strong correlation polymers and are in reasonable agreement with the layer
in alignment, and the number of aligned layers increases with spacings measured by SAXS. Low polydispersity is critica&BV
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Figure 10. AFM of aligned PPV layers. Phase images of PPV-4.6 (left) and PPV-6.0 (right) after rubbing clearly show alignment of the PPV
structures. Phaserange for both images is 30Arrows on the images indicate the rubbing direction, and the AFM shows alignment of the
nanostructures perpendicular to the rubbing axis. The alignment direction is constant across the 1 cm wide sample.

the formation of these layered structures; layers are not observed
in films of the high polydispersity PPV, consistent with the lack
of a smectic phase in the bulk for this polymer.

Needlelike or rodlike structures have been previously ob-
served in a few semiconducting polymers. DOO-PP&nd
MEH-PP\#° are thought to form a liquid crystalline phase of
PPV with the backbones arranged in layers; the spacing between
layers is governed by the size of the alkoxy side group. These o
structures aggregate into lamellae that are significantly larger Figure 11. NEXAFS geometry. (a) The X-ray beam is incident to

. . . . sample surface at a variable anglewhere@ is positive when the
than those observed in our polymers, having dimensions6f beam is along the positive andy directions and negative when the

nm. Chen et at®?°used polymers with a high molecular weight  peam is along the negativeandy directions. The rubbing direction is
and also high polydispersity, so their structural size is smaller in the positivex direction. The incident beam parallel or antiparallel to

than the length of a single molecule, indicating that molecules Lhe rubbing dg_ectlion is ﬁefingg_as g_arall_el o_rientationd_anld the incident
. ; eam perpendicular to the rubbing direction is perpendicular orientation.
are folded Wlthm a single layer or traverse s_everal lamellar The electric field vector of the X-rays is primarily polarized aldbg
aggregates. Kline et al. also observed needles in low molecularang the secondary component of the field vector is alBag(b) A
weight polythiophenes by AFMand they determined that the  rotated coordinate system can be defined such that thexaxesand
needlelike objects are polythiophene crystals. It appears thatZ are the three principal axes of the molecular orbital distribution. This
needlelike or layered structures may be a common feature ofmolecular coordinate system is rotated from the sample coordinate

rodlike semiconducting polymers, but the nature of molecular system by an anglg about they = y' axis.

arrangement varies greatly with chemical structure and poly- itative information on the orientation of polymer ch&hsithin
dispersity. the layered structures observed by AFM. Spectra are obtained
Alignment of PPV Nanostructures. Rubbing provides a  for a range of X-ray incidence angles from°2® 90 with the
useful tool for the preparation of PPV samples with a single electric field vector oriented both parallel and perpendicular to
molecular orientation for structural investigations, as shown by the rubbing direction, as illustrated in Figure 11. In the parallel
SFM images in Figure 10. The layered structures are aligned orientation the incident X-ray beam is oriented along the rubbing
perpendicular to the rubbing direction, and the direction of direction, with parallel orientation being defined as positive
alignment persists across the entire image. Rubbing producesangles and antiparallel as negative angles. In the perpendicular
long range orientational order as observed through the constantrientation the X-rays are impinging perpendicular to the
orientation direction of layers that extends across the entire rubbing direction, with the positivg-direction in Figure 11
sample (centimeter length scale). The nature of the aligned defining positive angles. Figure 12 shows the near-edge X-ray
surface differs based on PPV molecular weight: PPV-4.6 is absorption fine structure (NEXAFS) spectra of PPV at two
softer and has a lower molecular weight, so rubbing it forms a different X-ray incident angles with the incident X-ray beam
relatively disordered surface. Each individual lamellae is parallel to the rubbing direction. The conjugated structure of
oriented perpendicular to the rubbing direction, but the lamellar PPV gives rise to a rich fine structure in the carbon K-edge
positions are not strongly correlated with one another. PPV- absorption spectrum. On the basis of NEXAFS spectra for PPVs
6.0, having higher molecular weight and greater hardness, showsyith different functional groug8®! and small model com-
much more positional order after rubbing. pounds?2 peaks in the absorption spectrum can be identified.
While orientation of the layered structures is clearly estab- Them;* peak at 285 eV shows a complex structure composed
lished by AFM, the orientation of molecules within the layers of a variety of overlapping absorption peaks. These originate
remains unclear. In particular, we wish to precisely determine from the various phenyl and vinyl carbon atoms of the
the angle that the molecules make with respect to the layer conjugated backbone, which have small differences in transition
normal. The average orientation of molecular orbitals within energies. Ax,* peak is identified at 286 eV, and this peak
the molecules may be obtained by measuring the angle- partially overlaps with thesc—y* excitation at 288 eV. The
dependent absorption of polarized X-rays. This provides quan- oc-c* and oc=c* peaks are observed at 293 and 304 %\bv

Rubbing
Direction
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Figure 12. TEY spectra for PPV-6.0. TEY spectra are shown for
incident X-rays parallel to the rubbing direction and the electric field
making angles of 20and 90 with the normal to the sample surface.
Changes in ther* and o* peaks clearly indicate the directionality of
orbitals within the material. AEY spectra (not shown) have a similar
shape to the TEY spectra. Peak locations/are285 eV, ,* 286 eV,
C—H* 288 eV, oc_c* 293 eV, andoc=c* 304 eV.
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Figure 13. Fit to thes;* peak intensity to determine molecular orbital
alignment in PPV-6.0. NEXAFS absorption is highest when the incident
X-ray’s electric field vector is aligned with an absorbing molecular
orbital, so changes in absorption with changing X-ray incident angle
can be used to calculate the orientational distribution of a molecular
orbital. Parameters characterizing the molecular orientation distribution
function are obtained by fitting the angle dependent intensity with
periodic functions (solid lines).

respectively®? Changing from normal incidence (9Qo grazing
incidence (20) results in an increase in the* absorption at
285 eV and a decrease in the absorption, indicative of
preferential alignment of the molecular orbitals.

The changes in thery* intensity as a function of X-ray
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Table 3.a-Orbital Distribution in PPV Films

polymer  detector g fx fy f, P

PPV-4.6 TEY —0.028 0.185 0.416 0.399 0.72
AEY 0.001 0.201 0416 0.383 0.74

PPV-6.0 TEY —0.078 0.196 0.417 0.387 0.75
AEY —0.013 0.229 0.417 0.353 0.73

direction) with an azimuthal distribution of the orbitals about
the rubbing axis. This indicates that the molecular axis is
preferentially aligned parallel to the rubbing direction. The pretilt
angle is very small, so the PPV backbones lie essentially parallel
to the film surface. Prior studies suggest that the phenyl rings
in PPV are tilted with respect to one anotf&$253giving the
molecules a helical shape. Such a twist in the PPV backbone
would be consistent with an almost even distributionsdf
orbitals in they and z directions.

Depth-dependent alignment of the polymers was measured
using two electron detection modes. While Auger electron yield
(AEY) samples only the top-1—2 nm of the film, total electron
yield (TEY) probes~5—10 nm below the film surfac# Table
3 shows that the difference in measured molecular orientation
distribution between the two detectors is minimal. This indicates
that molecular alignment persists significantly deeper than the
TEY sampling depth.

While individual PPV molecules are shown to align parallel
to the rubbing direction by NEXAFS, the layers observed by
AFM align perpendicular to the rubbing direction. Therefore,
we infer that the layers are smectic layers of PPV molecules
with the molecules oriented perpendicular to the layers.
Comparison of the layer spacing to the molecular length suggests
that each layer is a single molecule wide, and these observations
in thin films are consistent with the tendency of the bulk
materials to form smectic and layered crystalline phases where
the molecule acts as a single mesogen.

Conclusions

The liquid crystalline structure and thermodynamics of low-
polydispersity, low molecular weight DEH-PPV were investi-
gated in both the bulk and thin films. Controlling the polydis-
persity of the PPV leads to the formation of highly ordered bulk
liquid crystalline phases and layered morphologies in thin films
that are not observed for polydisperse PPVs. For monodisperse
PPVs a series of transitions through crystalline, smectic, nematic,
and isotropic phases were observed. Transition temperatures
increased with increasing molecular weight. The rodlike mol-
ecules order into layers a single molecule wide with the
molecules parallel to the layer normal, resulting in a molecular
smectic phase where the entire molecule acts as a single
mesogen. This type of layered structure is unique to monodis-

incidence angle can be analyzed to determine the orientationperse liquid crystalline polymers since the monodisperse chain

of thesr-conjugated orbitals within the film. This spectral region
is convenient for analysis because it is isolated in the NEXAFS
spectrum, and the PPV orbitals contributing tothtresonance
are all oriented perpendicular to the molecular axis. Tt
intensity is plotted as a function of incidence angle for both the

length directly translates into the monodisperse mesogen size
required for layer formation. Data from the nematisotropic
transition was also used to estimate the Mat&aupe parameter

in a polymeric system, and it was found to have an empirical
form similar to the Flory-Huggins parameter, where both

parallel and perpendicular geometries in Figure 13. Parametersenergetic and entropic considerations govern the transition
characterizing the molecular orientation function can be ex- behavior. The liquid crystalline properties of the polymers were
tracted from a fit* (solid lines in Figure 13) which shows overall reflected in thin films, where lyotropic phase separation during
excellent agreement with the experimental data. The pretilt angle spin-casting results in network-like and large-grained film
y, defined in Figure 11 as the angle between the fixed sample structures. The crystallites making up the spun-cast films of
coordinates and the coordinates of the orbital’s primary axes, monodisperse PPV are composed of molecular-scale layers,
and the orientation componerfysf,, andf, along the orthogonal ~ while no layers are observed in a polydisperse PPV. Rubbing
axes are given in Table 3. In addition, the derived X-ray of the films causes the layers to align perpendicular to the
polarization is listed. These data suggest thatitlebitals are rubbing direction, and the PPV molecules are aligned parallel
preferentially aligned perpendicular to the rubbing direction ( to the rubbing direction, leading to the conclusion that HBV
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monodisperse PPV grains are composed of smectic layers allows the partition function to be transformed to
single molecule wide.
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Appendix. Solution for Maier —Saupe Parameter in 1 |

Polymeric Field Theory exp(— L/; dt [i?t(X +tu) - M(x + tu):(uu - §)]) (A7)
The field theory for rodlike polymers can be solved analyti-

cally in the mean-field approximation to determine the value |, the mean-field approximation the Hamiltonian is approxi-

of the Maier-Saupe parameter at the NI transition, and then a 1,516 by its value at a saddle point to give the self-consistent
fit to the experimental data can be used to extract the functional equations for the potential fields:

dependence of the parameter on the thermodynamic variables

of the system. While the traditional MaieSaupe Hamiltonian p(x)=1
is a sum over single molecules interacting with a mean-field .
order parameter, the field-theoretic Hamiltonian is an integral M(x) = uNS(x) (A8)

over a spatially dependent interaction, so the analytic calculation
of the nematie-isotropic transition point is different in both
theories. Following the formalism of Pryamitsyn and Gané&an,
we consider a system of polymeric rods, each composed of

where the first self-consistent equation represents the incom-
pressibility constraint. The orientational order parameter can be
evaluated from the single molecule partition function as

N segments of length and with a segmental volumg 1. The Vp |
density and orientational order parameters in the system areS(X) = 6]; dt fdu(uu - §) x
defined as . |
- exp{—j;) dt’ [m(x +tu—su) — M(X+tu— su):(uu - §)H
density:  p(r) = Z]; dsdfr — (R, +aw,)] (A1) (A9)
E
To simplify the theory, we consider uniaxial alignment of the

orientational order parameter: molecules along the-axis such thaty; = My, = —0.5M33

& _ N I andMi; = My = M13 = Ma; = My3 = Masp = 0. In addition,
) (;L/; dsofr = Ry + asuo)][uaua 3] (A2) we assume that the thermally averaged orientational order
parameter and conjugate field are spatially invariant. These two
whereR, is the end of the rod correspondingge= 0 and the assumptions and the incompressibility constraint allow the
rod orientation vectory, is dimensionless. Then the partition expressions foQ andS to be simplified to

function for the system can be written as
Q=V [du expM,(1 - 3 cod )]

_1 Al . Arey. &
z=23 J DR du O[a(r) — pl eXp(Zpo Sdr S(r).S(r)) (A3) S— % fdu(uu _ 'é) expM,(1 — 3 codh)] (A10)

whereu is the_ MaieFSau_p_e_ parameter and the del_ta fun_ctional Considering onlySss and substituting in foMs; using eq A8
enforces the incompressibility constraint. The functional integral

DR du represents the summation over all possible end points S;, = —2S,, =

and orientations of the rods. Using a Hubba&tratanovich S ' 1
transformation to introduce the potential fielti conjugate to 0 j(') d¢ d6 sin Q(CO§9 — :_%) expluNS,(1 — 3 o 0]
S
[Z [7de do sin 0 expluNS, (1 — 3 cog )]
u Ay & —
exp5— [ dr S(r):S(r)| = ALD)
e o Sy50)

Lo R The roots of this equation may be identified numerically as a

Jom exp(— Zfdr M:M + fdrM :S(r)) (A%) function of uN to find the equilibrium order parameter. The
transition between nematic and isotropic phases occuytdlat

= 6.811. Analagous to the small molecule Mai&aupe theory,

in the nematic phase there are two roots to eq A11: an isotropic

solutionS;z = 0 and an oriented solutid®s > 0. The nematic

_ phase can be determined as the equilibrium phase based on free

o[p(r) — pol = fDJT expin(p(r) — py))  (A5) energy arguments. cDV

and interesting the delta functional identity in terms of the
conjugate fieldr
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The polymeric self-consistent field formalism is very similar
to the Maier-Saupe theory developed for small molecules,
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(20) Yu, S. J. M,; Conticello, V. P.; Zhang, G. H.; Kayser, C.; Fournier,
M. J.; Mason, T. L.; Tirrell, D. ANature (London}1997, 389, 167—
170

where the single molecule partition function is represented as 1y vy, s. 3. M.: Soto, C. M. Tirrell, D. AJ. Am. Chem. So200Q 122,

u
s _s3codn-1)| (A12)
keTV, 2

where s represents the mean-field order parameter, which is
given by

Qus = fdu ex

s=23cod0 - 10-35,= 35,  (AL3)

Examining the form of the Hamiltonian in each partition

function, an analogy can be drawn between the polymeric and

small-molecule Maier Saupe parameters:

_3 Uys
2Kg TV,

uN (A14)

This analogy explains why the transition poinujgs/ks TV =
4.541 in the small molecule theory buN = 6.811 in the
polymeric theory. Using data for the nematic isotropic transition,

the Maier-Saupe parameter can then be estimated, analogous

to the technique used with small molecule liquid crystals.
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